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Abstract 
This study was designed to examine differences in the coupling dynamics between upper limb 
motion, physiological tremor and whole body postural sway in young healthy adults.  Acceleration of 
the hand and fingers, forearm EMG activity and postural sway data were recorded.  Estimation of the 
degree of bilateral and limb motion-postural sway coupling was determined by cross correlation, 
coherence and Cross-ApEn analyses.  The results of the analysis revealed that, under postural tremor 
conditions, there was no significant coupling between limbs, muscles or sway across all metrics of 
coupling.  In contrast, performing a rapid alternating flexion/extension movement about the wrist joint 
(with one or both limbs) resulted in stronger coupling between limb motion and postural sway.  These 
results support the view that, for physiological tremor responses, the control of postural sway is 
maintained independent to tremor in the upper limb.  However, increasing the level of movement 
about a distal segment of one arm (or both) leads to increased coupling throughout the body.  The 
basis for this increased coupling would appear to be related to the enhanced neural drive to task-
specific muscles within the upper limb.  
 
Key Words:  Physiological Tremor;Bilateral Coupling;Postural Sway;Acceleration 
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Introduction 
In a simple mechanical system, oscillations initiated at one level can be passively transmitted 
through adjacent linkages, emerging at a distal element in an amplified form unless some damping 
process is utilized.  For biological systems, this process of damping is critical for optimal control 
since there are numerous oscillatory outputs that have the potential to be transmitted throughout the 
body [1-3].  For example, even when a person is standing in a relaxed position, the body needs to 
minimize the impact of (and interaction between) periodic outputs related to heart rate, respiration 
rate, physiological tremor and postural motion in order to maintain stability [4].  
The neuromuscular system has the capacity to effectively dissociate potential interactions 
between many different intrinsic oscillatory forms [1, 2], although the question of the mechanisms 
involved in this process still needs to be answered.  Previous research has shown that when healthy 
individuals hold their arm against gravity, the physiological tremor recorded from one arm is 
unrelated to that in the contralateral arm [5, 6].  This independence between the arms is preserved 
under conditions where individuals are fatigued [7].  This same phenomena has been reported for 
healthy older adults [8] and for patients with increased tremor due to neurological disorders including 
Parkinson’s disease (PD) [1, 9] and multiple sclerosis [10].  A similar pattern of independence has 
also been reported between whole body postural motion (sway) and physiological tremor, whereby 
upper-limb tremor responses were effectively uncoupled to trunk acceleration and/or COP motion for 
both healthy young and older adults [6, 9].  However, this same finding has not been shown for 
neurological populations where strong coupling between finger/hand tremor and postural sway has 
been described for persons with PD [3, 9].  Interestingly, for these same patients, the strong tremor-
sway coupling is present despite the lack of any notable bilateral tremor coupling.   
The consequences of any significant changes in the typical pattern of coupling can be problematic 
for many everyday activities, especially those involving control of balance.  For example, the 
emergence of stronger sway-tremor relations in individuals with PD [9] has been  viewed as a factor 
that could compromise balance, possibly contributing to the increased fall risk.  With specific regard 
to physiological tremor, there is still no definitive understanding of what would drive increased tremor 
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coupling between limbs or increased tremor-postural sway relations.  One assumption is that output 
from parallel oscillators within the CNS is largely responsible for the weak coupling of tremor 
between limbs in both healthy and neurological conditions such as PD [1, 11].  In a similar vein, it has 
been proposed that the emergent pattern of inter-limb coupling observed during voluntary, rapid 
alternating actions is driven by parallel non-linear oscillators, although here the oscillators are 
strongly coupled [12, 13].  An obvious conclusion from these studies is that increasing neural output 
to relevant upper limb muscles may drive stronger coupling between limbs [14, 15].  However, there 
is evidence to show that the emergence of increased inter-limb coupling in healthy adults is not 
singularly driven by greater muscle activity [16].  Despite the growing understanding of the neural 
basis for inter-limb coupling, the issue of coupling between limb motion and body sway still remains 
to be clearly elucidated.  
The current study was designed to assess the coupling relations between the dynamics of limb 
acceleration (voluntary limb motion and physiological tremor), muscle activity and postural sway.  In 
particular, it was of interest to examine what impact rapid voluntary alternating conditions (unilateral 
and bilateral) had on inter-limb and postural sway dynamics in contrast to the relations observed 
during the measurement of physiological tremor.   
 
Methods  
Subjects 
Twelve young male subjects (mean 23.5+1.5 years) participated in this study.  All participants were 
right-hand dominant, physically active, had normal or corrected-to-normal vision, and reported no 
known neurological/cognitive disorders, or history of neuromuscular injury that could influence 
performance.  All experimental procedures complied with the University IRB guidelines, and all 
participants provided written informed consent prior to testing.  
 
Experimental Design 
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Individuals participated in a four different movement conditions where limb acceleration (tremor), 
surface electromyographic (EMG) activity for forearm muscles and postural motion (sway) were 
collected.  All testing was performed with the person standing.  The specific conditions were: 1) 
bilateral postural tremor (both arms held up against gravity), 2) bilateral rapid, alternating isotonic 
movement (i.e., movement performed with the arms held in the postural tremor positions), 3-4) 
unilateral condition where a single arm (left, right) performed the rapid alternating movement (in the 
postural position) while the contralateral arm was held by the persons side in a relaxed position.   
For the postural tremor condition, participants performed a pointing task with their arms held 
parallel to the ground as per our previous work [6].  For the rapid alternating movements, individuals 
performed rapid, flexion-extension movements about the wrist joint.  These movements were 
performed with the arm(s) outstretched (as for the postural tremor task) with the movement frequency 
set at 5 Hz.  The selection of this frequency was based upon previous studies where movements at this 
frequency are used to mimic the dynamics of pathological tremor [15].  Subjects were given 4 trials of 
practice to generate the required movement frequency prior to data collection.  A metronome (set at 
5Hz) provided auditory feedback during this practise period.  Six 30s trials were collected for each 
condition.  Rests were provided between trials/conditions to reduce the effects of fatigue. 
 
Equipment  
During all conditions, individuals stood on a Bertec balance plate (model BP5050, Bertec Corp, 
OH) which was used to compute the co-ordinate location of each person’s center of pressure (COP).  
Hand and finger tremor were measured using four uniaxial accelerometers and amplified through a 
transducer coupler (V75-25A, Coulbourn Instruments, PA).  Accelerometers were attached to the 
hand (middle of third metacarpal) and index finger (dorsal distal aspect) of each arm.  Bilateral 
surface EMG activity were collected using pairs of Ag/AgCl surface electrodes from the wrist flexors 
(flexor digitorum superficialis, FDS) and extensors (extensor digitorum communis, EDC) using 
Coulbourn isolated bioamplifiers (V75-02).  All data were sampled at 1000Hz. 
 
Data Analysis 
 6
Prior to analysis, the COP and accelerometer data were filtered by a second-order Butterworth low-
pass digital filter with a cut-off frequency of 40Hz.  EMG data were full-wave rectified and band-pass 
filtered at 10-500Hz.  All data analysis was performed using custom software developed in Matlab 
version 7.0 (Mathworks R14). 
 
Coupling Analysis   
Estimation of the degree of coupling between selected paired signals (e.g. COP-tremor, tremor-
tremor and EMG-EMG) was determined by cross correlation (Pearson product moment), coherence 
and Cross-ApEn analyses.  For the cross-correlation analysis, the peak coefficient between two 
signals was calculated over a range of time-lags (+5 s) with the maximal value being used as a 
measure of the coupling strength.  For coherence analysis, the maximum (peak) coherence value used 
to assess coupling in the frequency domain.  This analysis was performed within the range 0-20Hz for 
the accelerometer/COP signals and between 10-25, 25-50 and 50-100Hz bandwidths for the EMG 
data.  Coupling relations were also calculated by applying Cross-ApEn to paired signal outputs.  This 
analysis determines the degree of synchrony of two time-series.  Higher Cross-ApEn values are 
representative of lower synchrony (greater independence) between the two time-series, while lower 
values represent greater synchrony/similarity [17].   
 
Frequency Analysis  
This was performed on the filtered COP and tremor data and the rectified EMG signals using 
Welch's averaged, modified periodogram method (window size of 512 data points). The dependent 
measures calculated were: maximum amplitude of each signal (peak power) and the frequency at 
which the peak power was seen (peak power frequency, PPF).  For the tremor and COP data, peak 
power and PPF were determined between 0-20Hz.  For the EMG signals; peak power and PPF were 
calculated between 10-25, 25-50 and 50-100Hz bandwidths. 
  
Signal Regularity   
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A measure of the regularity of the COP an acceleration signals was assessed using Approximate 
Entropy (ApEn).  The product of this analysis is a single value for the signal within the range of 0-2.  
Higher values indicate increased irregularity/complexity in the signal while lower values (closer to 0) 
representing greater regularity or structure.   
 
Statistical Analysis 
A within-subject, repeated measures mixed generalized linear model (GLM) was used to assess for 
differences in the selected dependent measures across the four conditions.  Where significant effects 
were reported, post hoc evaluations were performed using Tukey’s Honestly Significant Difference 
(HSD) test.  All statistical analyses were performed using SAS statistical software (SAS Institute Inc., 
NC), with the risk of Type I error set at p <0.05. 
 
Results 
Figure 1 illustrates the finger acceleration, EMG and respective power spectral characteristics for 
the physiological tremor and alternating movement responses. An example of the typical AP/ML COP 
profiles and respective PSD plots for the tremor and movement conditions is shown in Figure 2.    
 
---------------------------Figures1-2----------------------- 
 
Coupling Relations 
For the correlation analysis, a significant condition effect was seen (F3,33=17.11; p<0.001).  Post hoc 
analysis revealed that the significant coupling differences were between the movement and tremor 
conditions (all p’s<0.05).  Under postural tremor conditions, there was no evidence of coupling of 
tremor in either arm (r’s<0.12), between tremor and COP motion (r’s<0.07) or between the postural 
sway in either dimension (AP-ML r’s<0.14).  In contrast, stronger coupling was seen for the 
movement conditions between the left-right limb (range: 0.63-0.72), and limb motion-COP coupling 
(range: 0.54-0.56).   
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A significant condition effect for peak coherence was observed for the coupling of tremor between 
limbs (F3,55=54.12;p<0.001), EMG between arms (left-right EDC F3,55=23.98; FDS 
F3,55=45.75;p’s<0.001), and tremor-COP relations (F3,55=19.13; p<0.001). For the bilateral tremor and 
tremor-COP relations, peak coherence was between 4-6 Hz and was significantly higher during the 
movement conditions (all p’s<0.05).  For the left-right EMG activity, peak coherence was found 
between 10-25Hz with coupling between homologous muscles being significantly greater during the 
movement conditions (p’s<0.05).  No significant tremor-tremor, EMG-tremor, or tremor-COP 
coupling was found for the tremor conditions.  Figure 3 highlights the changes in peak coherence 
across conditions.    
Cross ApEn analysis showed a significant condition effect (F3,33=32.21;p<0.001).  Post hoc 
analysis revealed that the acceleration within each arm was more dissimilar (higher values) under 
postural conditions.  During the alternating movement, the signal output was more synchronous across 
limbs (lower Cross ApEn values).  
 
---------------------------Figure 3----------------------- 
Frequency Analysis  
The postural tremor across both arms contained peaks between 2-4Hz (Mean 2.54+0.78Hz) and 8-
12 Hz (8.16+1.04Hz).  For the alternating movement, a single peak was present between 4-6Hz 
(4.98+0.51Hz).  A significant condition effect was observed for peak power (F3,55=236.48;p<0.001) 
and PPF (F3,55=78.16;p<0.001).  Further analysis revealed that peak power was significantly greater 
during the movement conditions compared to the postural tremor conditions (p’s<0.01).  Similarly, 
PPF was significantly different between the tremor and movement conditions (p’s<0.001).  No 
frequency differences were observed across the unilateral and bilateral movement responses.    
The typical EMG frequency profile across all conditions was broadband, extending up to 100Hz 
(see figure 1).  A significant condition effect was observed for peak power (F3,55=22.64;p<0.001) 
within both arms.  Subsequent analysis revealed that the amplitude of muscle activity in both arms 
was greater during the movement conditions compared to the tremor conditions.   
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Under the physiological tremor conditions, the COP profile (figure 2) was characterised by a single 
peak (AP 0.30+0.10Hz; ML 0.29+0.12Hz).  For the movement conditions, two frequency peaks were 
observed; one below 1Hz (AP 0.52+0.16Hz; ML 0.42+0.15Hz) and a second between 4-6Hz (AP 
5.14+0.29Hz; ML 5.51+0.15Hz).  Inferential analysis showed significant differences between the 
conditions in terms of peak power (AP F3,55=5.11; ML F3,55=4.98; p’s<0.001) and PPF (AP F3,55=6.90; 
ML F3,55=9.23; p’s<0.001).    
 
Signal Regularity  
A significant condition effect was observed for all acceleration measures (Right F3,55=66.77; Left 
F3,55=38.00; p’s<0.001) with ApEn values for the tremor signal being greater than for the movement 
conditions (all p’s<0.001).  No differences were observed in the ApEn values between the bilateral 
and the unilateral movement conditions.  For the COP data, a significant condition effect was 
observed (AP F3,55=5.93; ML F3,55=7.79; p’s<0.001).  Post hoc analysis revealed that the AP/ML COP 
signal during the postural tremor tasks were more regular (lower ApEn) in comparison the AP/ML 
ApEn values during the alternating movement conditions (p’s<0.001).   
 
Discussion 
This study was designed to; a) examine differences in the pattern of coupling relations within the 
upper limb during alternating, rapid voluntary movements in comparison to postural tasks 
(physiological tremor) and, b) to determine what effect these different tasks had on coupling between 
limb motion and postural sway.  The results demonstrated that performing rapid alternating wrist 
flexion/extension movements affected postural sway dynamics and led to increased coupling of limb 
motion with postural motion.  In contrast, the performance of postural tremor tasks was characterized 
by a lack of any notable coupling between limbs or between limb tremor and postural sway.       
 
Coupling between Physiological Tremor and Postural Motion 
The ability to dampen the impact and/or minimize the interaction of oscillatory inputs under static 
task conditions is an intrinsic feature of the neuromuscular system [1-3].  Our results support this view 
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in that there was no significant coupling of tremor between the arms or with whole body motion.  The 
lack of any distinctive tremulous component in the COP profile indicates that the tremor within either 
arm was not transmitted to postural motion, a finding consistent with previous research [9].  Thus, 
participants were effectively able to dissociate oscillations from the body sway and limb tremor from 
impacting each other.  The lack of any sway-tremor coupling also extended to the bilateral tremor and 
EMG assessments, where no inter-limb EMG or tremor-tremor relations were seen.    
A number of possibilities exist to explain this coupling pattern.  One explanation is that the inherent 
mechanical properties of the specific limb/segments act to dampen the passive transmission of 
oscillations [18].  An alternative interpretation is that this coupling pattern predominantly reflects 
central neural input, with oscillations being generated independently from uncoupled or parallel 
oscillators [5, 19, 20].  Recently, it was reported that connections between the thalamus and cerebral 
cortex, that are propagated to the limbs through corticospinal projections, may underlie the weak 
bilateral coupling commonly seen for many tremor forms [14, 15].  However, it is difficult to clearly 
identify a single mechanism driving this coupling relation since physiological tremor reflects the 
combined inputs from mechanical, reflex, and central neural sources [21, 22].   
The issue of which of these sources (if any) predominantly drives this independence is further 
complicated by reports that have shown that these respective inputs vary as a function of the specific 
task being performed [2, 23].  One additional  suggestion for the lack of coupling is that a 
compensatory action or strategy involving the trunk and legs is probably invoked in order to reduce 
the impact postural fluctuations within the upper limb have on postural sway and vice versa [24].  
Indeed Hwang et al (2006) speculated that reorganizing joint stiffness and/or altering the dynamic 
interactions between leg/trunk segments plays a role in maintaining stability and reducing the impact 
tremor could have on sway [2].   
Given the wide range of sources that could influence tremor and the fact that these inputs change 
with subtle variations in task demands, it is possible that the low level of coupling observed is related 
to the differential and changing input from all these sources, all of which also exhibit varying 
frequency features.  Thus, taken alone, no single mechanism is likely to explain the lack of coupling 
between arm tremor and whole body postural motion.   
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Increased Limb Motion-Postural Sway Coupling 
In contrast to the lack of coupling observed during the tremor conditions, when individuals 
performed a rapid, alternating (tremor-like) motion in one (or both) arms, strong bilateral coupling 
between homologous muscles and limb motion was observed.  For the inter-limb and limb movement-
COP coupling, coherence was found within 4-6Hz which coincided with the frequency range at which 
the task was performed.  Interestingly, even when the 5Hz motion was performed unilateral (with the 
other arm unsupported), the coupling strength across all combinations (i.e., inter-limb, COP-limb 
motion) were significantly greater than that observed under the physiological tremor conditions. One 
obvious explanation for the emergence of increased bilateral coupling of limb motion and muscle 
activity is that there is increased neural drive to selected muscle groups to perform the task [14, 15, 
20].  Studies which have recorded CNS activation while individuals performed alternating movements 
of this nature (i.e. frequency) have speculated that stronger connections between the thalamus and 
cortex may be responsible for the increased output [14, 15, 20]. One result of any increased neural 
output could be greater muscle co-activation leading to increased stiffness and, subsequently, stronger 
coupling [25].   
Another consequence of increasing neural drive to the arm muscles could be an overflow effect to 
the lower limb muscles.  Previous studies have shown that, when performing movements at higher 
frequency and/or with a high force output, concurrent increases in contralateral and/or ipsilateral 
muscle activity can often occur [26, 27].  Subsequently, increased motion within the upper limb could 
have a destabilizing effect on balance, resulting in greater sway.  Indeed, this result was observed, 
with the increased coupling between alternating movement and whole body motion being reflected by 
a significant increase in overall COP excursion.  While the limb acceleration and EMG increases were 
voluntarily driven in order to meet the task goals, the increase in postural motion would appear to be a 
by-product of performing this task.  Indeed, it has been reported that the performance of challenging 
supra-postural tasks often results in significant increases in postural sway [2, 24].   
An alternative explanation for the increased coupling may be related to those anticipatory postural 
adjustments (APA’s) initiated in response to performing the specified movement [28, 29].  It has been 
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proposed that, during rapid voluntary movement conditions, anticipatory activation of selected 
postural muscles can occur, presumably in order to stabilize the whole body.  Such postural activation 
would minimize any perturbation due to the rapid hand movement and could also lead to increased 
coupling between postural and movement-related effectors [30].  Under postural tremor conditions, 
the perturbations due to the upper-limb movement are of a significantly smaller magnitude and so 
may not elicit anticipatory postural responses. 
Irrespective of whether the reported results were produced in response to the destabilizing effect of 
the upper-limb motion, through activation of specific APA’s and/or as a result of any potential neural 
overflow effect, it is clear that the effect of performing a voluntary motion has a strong impact on 
inter-limb coupling and postural motion.   
 
Dynamics of Movement and Tremor  
As expected, the limb acceleration and EMG dynamics were notably different under movement 
conditions compared to physiological tremor.  Postural tremor was characterized by minimal levels of 
muscle activity, and a low amplitude signal that was spread over a wide frequency range.  Prominent 
power in the spectral profile was observed between 2-4Hz and 8-12Hz, reflecting the view that 
multiple oscillatory inputs of both neural and mechanical origins generate physiological tremor [21, 
22].  The lack of any single dominant driving influence was further reflected by a high degree of 
complexity (high ApEn).  In contrast, the frequency characteristics of the movement responses 
contained a single, high amplitude, frequency peak and greater muscle activity.  Interestingly, while 
the tremor and EMG signals were more regular (lower ApEn) under the movement conditions, the 
structure of the postural sway signal was more irregular (higher ApEn) for the same task.  The 
increased complexity of the COP signal is probably reflective of the fact that this signal now contains 
two frequency components (0-1Hz and 4-6Hz).  This finding is similar to that reported for PD 
patients, whereby their COP motion is more complex, often containing a frequency peak that 
coincides with tremor [9].  
Overall, there was no evidence of coupling between limbs or sway for the postural tremor 
responses.  In contrast, when asked to perform a rapid alternating wrist flexion/extension action 
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(mimicking a 5Hz tremor-like movement), either in one arm or both, a higher degree of coupling was 
found bilaterally and between the arms and postural motion.  During the alternating movement 
conditions, there was also an increase in the amount of postural sway.  The results support the view 
that, for physiological tremor tasks, the control of postural stability is performed in an independent 
manner to that of the control (minimization) of upper limb tremor.  In contrast, performing rapid 
alternating movements about a distal joint in the upper limb not only leads to tighter coupling across 
the body, but also has an impact on postural motion.   
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Figure Captions 
Figure 1 Representative changes in limb acceleration and muscle activity during the postural and 
alternating movement conditions.  Power spectral profiles are also shown.  All data were 
obtained from the same subject during a single trial within each condition. 
 
Figure 2 Representative plots for AP/ML COP motion and corresponding frequency profiles for 
the postural tremor and movement conditions.   
 
Figure 3 Mean peak coherence values for the respective limb acceleration (finger-finger), EMG 
(left/right FDS and EDC) and postural sway (AP-ML) combinations across the different 
conditions.  Error bars represent one SE of the mean.    
 
 
 
 
 
 
 
 
 
